Although bisexual reproduction has proven to be highly successful, parthenogenetic all-female populations occur frequently in certain taxa, including the whiptail lizards of the genus Aspidoscelis. Allozyme analysis revealed a high degree of fixed heterozygosity in these parthenogenetic species 1,2 , supporting the view that they originated from hybridization events between related sexual species. It has remained unclear how the meiotic program is altered to produce diploid eggs while maintaining heterozygosity. Here we show that meiosis commences with twice the number of chromosomes in parthenogenetic versus sexual species, a mechanism that provides the basis for generating gametes with unreduced chromosome content without fundamental deviation from the classic meiotic program. Our observation of synaptonemal complexes and chiasmata demonstrate that a typical meiotic program occurs and that heterozygosity is not maintained by bypassing recombination. Instead, fluorescent in situ hybridization probes that distinguish between homologues reveal that bivalents form between sister chromosomes, the genetically identical products of the first of two premeiotic replication cycles. Sister chromosome pairing provides a mechanism for the maintenance of heterozygosity, which is critical for offsetting the reduced fitness associated with the lack of genetic diversity in parthenogenetic species.
Although bisexual reproduction has proven to be highly successful, parthenogenetic all-female populations occur frequently in certain taxa, including the whiptail lizards of the genus Aspidoscelis. Allozyme analysis revealed a high degree of fixed heterozygosity in these parthenogenetic species 1, 2 , supporting the view that they originated from hybridization events between related sexual species. It has remained unclear how the meiotic program is altered to produce diploid eggs while maintaining heterozygosity. Here we show that meiosis commences with twice the number of chromosomes in parthenogenetic versus sexual species, a mechanism that provides the basis for generating gametes with unreduced chromosome content without fundamental deviation from the classic meiotic program. Our observation of synaptonemal complexes and chiasmata demonstrate that a typical meiotic program occurs and that heterozygosity is not maintained by bypassing recombination. Instead, fluorescent in situ hybridization probes that distinguish between homologues reveal that bivalents form between sister chromosomes, the genetically identical products of the first of two premeiotic replication cycles. Sister chromosome pairing provides a mechanism for the maintenance of heterozygosity, which is critical for offsetting the reduced fitness associated with the lack of genetic diversity in parthenogenetic species.
True parthenogenesis, characterized by the complete absence of male contributions, has been described for various species of reptiles, including whiptail lizards, geckos, blind snakes and rock lizards 3 . Whiptail lizards of the genus Aspidoscelis, formerly part of the genus Cnemidophorus 4 , are mostly native to the Southwestern United States and Mexico, and about one-third of the more than 50 species reproduce by obligate parthenogenesis.
Morphological, karyotypic and biochemical studies provided strong evidence for hybrid origins of all parthenogenetic Aspidoscelis species examined 1, 5, 6 . While hybridization between individuals from distinct species can explain the initially high degree of heterozygosity across the genome, allozyme analysis demonstrated surprising persistence of heterozygosity over many generations in several parthenogenetic lineages of Aspidoscelis, including Aspidoscelis tesselata and Aspidoscelis neomexicana 6 . The acceptance of skin grafts between individuals of a parthenogenetic species 7-10 and biochemical studies on several laboratory-reared lineages 6 further support genetic uniformity.
The mechanism that underlies clonal reproduction and fixed heterozygosity has been the topic of much speculation. Most variations of the meiotic program that would produce diploid oocytes by skipping a division or by fusion of a haploid oocyte with a polar body cannot account for fixed heterozygosity unless recombination between homologues is suppressed. On the basis of the exclusion of alternative models and the observation of large numbers of chromosomes in two oocytes from Aspidoscelis uniparens 11 , premeiotic endoreplication of chromosomes was proposed as the most likely mechanism to produce mature oocytes that carry the complete complement of somatic chromosomes and maintain heterozygosity 12 . To test this hypothesis, we set out to quantify the DNA content in oocytes of the diploid parthenogenetic species A. tesselata and the sexually reproducing control Aspidoscelis gularis. Extant A. gularis and Aspidoscelis tigris are closely related to the individuals that hybridized to generate the founding specimen of A. tesselata 1, 2, 13, 14 .
We isolated germinal vesicles (GVs), the oocyte nuclei, and visualized 49,6-diamidino-2-phenylindole (DAPI)-stained chromosomes by twophoton microscopy. Bivalents were readily observed in GVs from A. gularis and A. tesselata, and their morphology was consistent with the diplotene stage of prophase I (Fig. 1a, b ). Visual inspection of threedimensional reconstructions of seven gularis and five tesselata GVs revealed a larger number of bivalents in tesselata GVs compared to gularis. Ambiguities in identifying the boundaries of individual chromosomes prevented accurate counting of bivalents at this stage. Instead, we quantified the volume occupied by chromosomes in each GV as an indirect measure of DNA content ( Fig. 1c ; Supplementary Table 1 Unlike measurements of fluorescence intensity, this approach is robust against changes in staining efficiency or laser intensity fluctuations. A. tesselata chromosomes occupied 2.24 6 0.18 times the volume of the averaged A. gularis samples. While indicative of a twofold increase in the DNA content of the prophase oocyte in the parthenogenetic species, differences in genome size could also account for the increased chromosome volume. Although somatic cells from A. gularis and A. tesselata both harbour 46 chromosomes 15 , a direct comparison of genome sizes was needed to inform our analysis. Taking advantage of the fact that reptilian erythrocytes are nucleated, we subjected blood samples to flow cytometry analysis and found that the nuclear DNA content in somatic cells differed by less than 1% between the two species ( Fig. 1d ). For comparison, samples from sexual diploid A. tigris and parthenogenetic triploid Aspidoscelis exsanguis (A. exsanguis is the product of two consecutive hybridization events involving the sexual species Aspidoscelis inornata, Aspidoscelis burti and A. gularis 13 ) were also analysed, with the latter showing an approximately 50% increase in DNA content, as expected ( Fig. 1d ). Independent confirmation for a doubling in chromosome number was obtained by examining GVs in late prophase. At this stage, chromosomes are highly condensed and, consistent with a doubling in chromosome number, we were able to distinguish 46 bivalents in A. tesselata GVs ( Supplementary Fig. 1 ).
Entering meiosis with an 8n chromosome complement would allow parthenogenetic animals to utilize the two normal meiotic divisions to generate diploid gametes. However, the long-term maintenance of heterozygosity across the genome is only ensured if crossovers between homologues are suppressed. Two-photon imaging of diplotene chromosomes from A. tesselata and another parthenogenetic species, A. neomexicana, revealed no differences compared to sexual controls besides the increased DNA content. Notably, bivalents appeared to be connected by chiasmata in all samples, indicating that crossing-over is not abandoned ( Fig. 2a, b ).
To further examine chromosome pairing, thin sections of ovaries from A. tesselata, A. tigris and A. neomexicana were examined by electron microscopy. Synaptonemal complexes, characterized by well-defined lateral and central elements, were observed in all species examined, providing further support that a typical meiotic program is underway ( Fig. 2c -f, Supplementary Fig. 2 ). Based on the presence of synaptonemal complexes in pachytene and chiasmata in diplotene, we surmise that meiotic chromosome pairing and recombination are not bypassed in parthenogenetic Aspidoscelis species.
The premeiotic doubling of chromosomes allows for bivalent formation to occur either between homologues as in normal meiosis or between sister chromosomes ( Fig. 3 ). To distinguish between these possibilities, we sought to identify probes that selectively recognize one particular chromosome in a pair of homologues. We discovered that 26 of the 46 A. tigris chromosomes, including all 22 macrochromosomes and 4 microchromosomes, harbour large tracks of internal telomeric repeats in addition to the signal at chromosome ends ( Fig. 4a ). In contrast, staining metaphases of A. inornata chromosomes with a telomeric protein-nucleic acid probe only revealed signal at the chromosome termini ( Fig. 4b ). Consistent with its hybrid origin from these two sexual species 1,2,5 , A. neomexicana chromosomes contained large internal repeats on 13 chromosomes, allowing us to unambiguously identify 13 chromosomes inherited from A. tigris in the original F 1 hybrid (Fig. 4c ). In the context of a bivalent, hybridization signals on both sides indicate sister chromosome pairing, whereas hybridization on only one side supports homologue pairing.
To preserve the three-dimensional arrangements of chromosomes in GVs and to provide better spatial resolution than commonly obtained in chromosome spreads, we adapted the fluorescent in situ hybridization (FISH) procedure to perform hybridization on intact GVs. At each site where chromosome internal hybridization was detected, a signal was observed on both sides of the bivalent (Fig. 4d, e ). It is important to note that sister chromatids resulting from the most recent round of replication appear as one cytologically, as they are closely associated with each other along their length during this stage of meiosis. The exclusive presence of paired hybridization signals therefore strongly suggests that bivalents are composed of sister chromosomes, not homologues. On the basis of this experiment, we concluded that for the 13 chromosomes for which the telomeric hybridization probe distinguishes sisters and homologues in A. neomexicana, sister chromosome pairing is the rule. Screening of several tri-, tetra-and hexanucleotide repeat probes identified (CCAAGG) n as an additional marker for at least nine chromosomes in A. neomexicana that are of A. tigris origin ( Supplementary Fig. 3a-c) . When hybridized to diplotene chromosomes in acrylamide-embedded GVs, only paired signals were observed ( Supplementary Fig. 3d, e ). In summary, two independent probes enabled us to distinguish sister chromosomes from homologues, and for over 20 bivalents examined, pairing occurred exclusively between sister chromosomes.
Entering meiosis with twice the usual number of chromosomes allows parthenogenetic species to produce oocytes carrying the complete somatic chromosome complement while preserving the established meiotic program. There are two principal pathways by which the premeiotic oocytes of a diploid species may acquire eight rather than four sets of chromosomes. One is the process in which chromosome duplication occurs without cytokinesis; this has been termed endomitosis or endoreplication 16 . Alternatively, 8n germ cells may arise by fusion of two cells either before or after the final premeiotic doubling of chromosomes. There is ample precedent for either mode of genome amplification in plants and animals, but the regulatory mechanisms are largely unclear.
In sexual species, homologous chromosomes form bivalents, and meiotic recombination promotes genetic diversity while ensuring orderly segregation of chromosomes during the first meiotic division. The same mechanism would result in loss of heterozygosity in parthenogenetic species, whereas formation of bivalents from genetically identical sister chromosomes preserves heterozygosity. Interestingly, this same variation of the meiotic program appears to enable parthenogenetic reproduction in widely diverged species. Premeiotic doubling of chromosomes has been documented in triploid ambystomatid salamanders 17 as well as a parthenogenetic grasshopper (Warramaba virgo) 18 . In both cases, sister chromosome pairing was suggested on the basis of bivalent morphology. Although the lack of molecular markers in these studies precludes definitive conclusions, the striking parallels with whiptail lizards strongly indicate that a common mechanism enables parthenogenetic reproduction in diverse groups of animals. It seems likely that a relatively simple deviation from the established program of oogenesis is sufficient to permit parthenogenesis. However, loss of heterozygosity, paternal inheritance of centrosomes, and a requirement for fertilization in triggering completion of female meiosis are seemingly unconnected obstacles to parthenogenetic reproduction. A better understanding of the changes that permit a small but diverse group of animals to reproduce without males is clearly needed, and may well shed light on the overwhelming success of sexuality.
METHODS SUMMARY
Laboratory colonies of Aspidoscelis species were from animals collected in Texas and New Mexico under a permit from the New Mexico Department of Game and Fish (permit numbers 3199 and 3395). GV isolation and quantification of chromosome volume. Ovaries from adult and sub-adult lizards were isolated, stained with 4',6-diamidino-2-phenylindole (DAPI) and imaged using a Zeiss LSM 510 system in two-photon excitation mode. A non-parametric and unsupervised, automatic threshold selection method developed by Otsu (see Methods) was used to obtain an unbiased measurement of chromosome volumes. Fluorescent in situ hybridization (FISH). Colcemid-treated embryonic fibroblasts were harvested, fixed and used to prepare metaphase spreads. FISH was performed on dried coverslips using AlexaFluor-labelled peptide-nucleic acid (PNA) and locked-nucleic acid (LNA) probes. Samples were imaged on a fluorescence microscope and images were analysed with AxioVision software. FISH on meiotic chromosomes was performed after embedding GVs in an acrylamide gel. Transmission electron microscopy. Ultrathin sections of epoxy-embedded ovaries were collected on copper grids, stained with 2% uranyl acetate in 50% methanol for 10 min, followed by 1% lead citrate for 7 min. Sections were photographed using a FEI transmission electron microscope at 80 kV. 
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METHODS
Animals. Laboratory colonies of A. tigris, A. inornata, A. neomexicana, A. exsanguis and A. tesselata were established from animals collected in Socorro, Sierra and Otero Counties, New Mexico, under a permit from the New Mexico Department of Game and Fish (permit numbers 3199 and 3395). A. gularis were collected in Dickens County, Texas. Animals were propagated in our Reptile and Aquatics Facility under conditions similar to a previously published description of captive lizard husbandry 19 . GV isolation and quantification of chromosome volume. Ovaries from adult and sub-adult lizards were placed in PBS and GVs were isolated using jeweller's forceps. GVs were transferred with a pipette to glass-bottom dishes (MatTek) containing 40 ng ml 21 4',6-diamidino-2-phenylindole (DAPI) in PBS, and allowed to incubate at 4 uC overnight. The following day the GVs were imaged using a LSM 510 META (Carl Zeiss Jena) system in two-photon excitation mode 20 equipped with a C-Apochromat 403, NA 1.2 water immersion lens (Carl Zeiss Jena) optimized for ultraviolet and infrared transmission. Twophoton excitation at 735 nm was used to avoid out-of-focus bleaching and all fluorescence emission below 650 nm was collected. Images were cropped in Adobe Photoshop to digitally remove the nuclear envelope.
To obtain an unbiased measurement of chromosome volumes, we used the non-parametric and unsupervised, automatic threshold selection developed by Otsu 21 . In this method, the grey-level histogram of an image suffices to find a grey level threshold, which yields the optimal separation of the chromosomes from the background without other a priori input. The Otsu method treats the normalized histogram as a probability distribution of possible pixel values. Pixels are dichotomized into two classes C 0 and C 1 (background and objects, in our case chromosomes) by a threshold at level k. C 0 denotes the class of pixels with values [0, …, k], and C 1 denotes the class of pixels with values [k 1 1, …, L], 0 being the smallest and L the largest pixel value in the image. The goal is to determine the threshold value k corresponding to the best class separation. Otsu showed that k can be found by maximizing the between-class variance s 2 B k ð Þ for all k between 0 and L. s 2 B k ð Þ is defined as:
Here P 0,1 (k) is the probability that a pixel k is assigned to class C 0 or C 1 , respectively, m 0,1 (k) represents the mean intensity of all the pixels assigned to class C 0 or C 1 (ref. 22) , and m G is the average intensity of the whole image.
To calculate the threshold, we used the implementation of Otsu's method by C. Mei, A. Joshua and T. Collins as a plug-in for the open-source image processing package ImageJ 23 . The volume was determined with the commercial 3D image processing software IMARIS 6.3 (Bitplane). This software bases its volume calculation on an iso-surface rendered at an intensity value k, using the threshold determined as described above. This protocol ensures an objective, reproducible, and unbiased comparison of chromosome volumes measured for independent samples. Embryonic fibroblast cell culture. Cell cultures were modified from ref. 24 . Briefly, Aspidoscelis eggs were incubated at 29 uC for 30-40 days, sterilized in 90% ethanol, 120 mM potassium iodide and 39 mM iodine, and opened under sterile conditions in a laminar flow hood. Embryos were immediately decapitated and cut into 1 cm or smaller pieces, rinsed with cold PBS and incubated with trypsin-EDTA solution (T4049, Sigma) on a stir plate for 5 min at room temperature. The supernatant was discarded and replaced with fresh PBS/trypsin, and incubation was continued for 15 min. The supernatant was decanted through sterile cheesecloth into a 50-ml Falcon tube containing 2 ml ice-cold M199 cell culture media (Sigma) supplemented with 20% fetal bovine serum, 50 mg ml 21 gentamycin (Sigma), glutamax (Invitrogen), MEM non-essential amino acids (Invitrogen), MEM vitamin solution (Invitrogen), 56 U ml 21 nystatin (Sigma), 100 U ml 21 penicillin and 100 mg ml 21 streptomycin (Sigma). Cell suspensions were kept on ice while the remaining tissue was trypsin-treated for another 15 min and the supernatants were combined. Cells were then pelleted, washed in M199 media plus supplements and finally resuspended in 2-6 ml M199 media plus supplements and seeded in 6-well dishes (Falcon, 353046). Cells were cultured at 30 uC, 5% O 2 and 2% CO 2 , and split once they had reached 85-100% confluency. Fluorescent in situ hybridization (FISH). Embryonic fibroblasts were treated with 0.5 mg ml 21 Karyomax colcemid (Invitrogen) at 50-70% confluency and incubated for 3 h at 30 uC, 5% O 2 and 2% CO 2 . The cells were harvested by trypsin treatment and subjected to hypotonic swelling in 0.075 M KCl at 37 uC for 10 min. The cells were then pelleted, washed twice and finally resuspended in methanol:acetic acid fixative (3:1). Coverslips were cleaned with a 1:1 ethanol:ethyl ether solution and cells were dropped onto the coverslips and immediately washed liberally with fixative. Cover slips were then incubated on a heat block at 75 uC for 1 min. FISH was performed on dried coverslips as previously described 25 using either an AlexaFluor 543-labelled peptide-nucleic acid probe composed of 59-(CCCTAA) 3 -39or an AlexaFluor 488-labelled locked-nucleic acid (LNA) probe composed of 59-(CCAAGG) 2 CC-39. Washes were modified for the LNA probe as follows: three 2-min washes in 2X SSC, 0.05% Tween 20 at 37 uC, two 6-min washes with 0.1X SSC at 55 uC, three 2-min washes with 2X SSC, 0.05% Tween 20 at room temperature, followed by two 2-min washes with PBS. Samples were imaged on a fluorescence microscope with a 1003, 1.4 NA Plan-Apochromat objective and images were analysed with AxioVision software (Carl Zeiss Jena).
Ovaries were isolated from A. neomexicana and placed in Buffer A (15 mM PIPES, pH 6.8, 20 mM NaCl, 60 mM KCl, 0.5 mM EGTA, 2 mM EDTA, 0.5 mM spermidine, 1 mM DTT). GVs were then embedded in an acrylamide mixture consisting of Buffer A, 5% acrylamide, 1 mM DTT, 15 mM sodium sulphite, and 11.5 mM sodium persulphate. Embedding chambers consisted of 22 3 55 mm coverslips that had been siliconed to stainless steel washers. After the GV was added to the washer, half of a 22 3 22 mm coverslip was dropped onto the washer to seal the top and promote polymerization of the acrylamide. After 30-60 min, the coverslip was carefully lifted and the gel was washed 4 times for 20 min with Buffer A on a shaking platform. Prehybridization was carried out in 50% deionized formamide, 2X SSC for 80 min with three changes of the prehybridization solution. Hybridization mixtures were as described for somatic cells, and samples were incubated in a sealed chamber to minimize evaporation. Slides/washers were placed on a PCR machine with the following program: nonheated lid, 1 h at room temp, 30 min at 40 uC, 6 min at 94 uC and overnight at 37 uC. The following day, samples were washed four times in PBS with 0.1% Tween 20, and three times in PBS and stained with DAPI (40 ng ml 21 ) for at least 1 h at room temperature. Samples were imaged on an inverted confocal microscope with a C-apochromat 403/1.20 W objective (Carl Zeiss Jena). The Alexa Fluor 543-labelled peptide-nucleic acid probe (59-(CCCTAA) 3 -39) was excited at 561 nm and fluorescence emission was collected above 575 nm. The Alexa Fluor 488-labelled locked-nucleic acid probe (59-(CCAAGG) 2 CC-39) was excited at 488 nm and fluorescence emission from 505 to 550 nm was collected. DAPIstained chromosomes were visualized by excitation at 405 nm and collection of fluorescence emission between 420 and 480 nm. To avoid emission cross-talk, we switched the excitation between the different laser lines and collected data in the appropriate detection channel only (multi-tracking). Transmission electron microscopy. Ovaries were isolated from A. tigris and A. neomexicana in PBS then transferred to a tube containing 70% hexane, 0.75% paraformaldehyde (Electron Microscopy Sciences), and 0.125% Nonidet (US Biological) in PBS. The tube was gently inverted 10 times then placed in a 20 uC waterbath for 2.5 h, gently inverting the tube five times every 20 min. The ovaries were washed three times with 0.2% Tween 20 in PBS and three times with PBS (20 min each), followed by overnight fixation in 2.5% glutaraldehyde (Electron Microscopy Sciences) in PBS at 4 uC. Fixed tissues were washed three times in PBS and water, then post-fixed in aqueous 1% OsO 4 , 1% K 3 Fe(CN) 6 for 10 min at room temperature. Following 3 PBS washes, the tissue was dehydrated through a graded series of 30-100% ethanol 100% propylene oxide and then infiltrated in 1:1 mixture of propylene oxide:Polybed 812 epoxy resin (Polysciences) for 1 h. After two to three changes of 100% resin over 24 h, tissues were embedded in moulds, cured at 37 uC overnight, followed by additional hardening at 65 uC for two more days. Ultrathin (60 nm) sections were collected on copper grids, stained with 2% uranyl acetate in 50% methanol for 10 min, followed by 1% lead citrate for 7 min. Sections were photographed using a FEI transmission electron microscope at 80 kV.
